ABSTRACT Outdoor communication wiring is mainly used to provide a physical connection between telecommunication services. With many fibers to the X networks having been built to provide high-level reliability services and to reduce operational costs, the operator has a strong demand for an automatic optical distribution frame. Based on the mathematics of knots to study the relationship of the fiber-optic connections on the main distribution frame, we proposed the ''HIGHER ALWAYS ON TOP'' method for fiber-optic switching. Two prototypes of a 1-D array of input lines and a 1-D array of output lines use a line match line and a line match circle to demonstrate these concepts. We proposed the method of constructing non-coplanar lines in a 1-D array of input lines and a 2-D array of output lines, as well as a 2-D array of input lines and a 2-D array of output lines, for scalability. We imitated the opening of a shuttle in the textile field and proposed a high-speed cross-connect method and a simulation experiment to show its feasibility.
I. INTRODUCTION
The main distribution frame (MDF) is the primary point within a telecommunication exchange at which permanent outside plant facilities terminate; the outside line is interconnected to the specific equipment that is used to provide an appropriate service [1] - [8] . Labor is the biggest cost in running a telecommunications service provider business. Wires management is labor-intensive because it typically involves many manual processes, and manual process such as there are prone to errors, such as improper punch-downs and incorrect cross-connects. Fiber to the X (FTTX) refers to connecting an optical fiber to an actual scenario, where x may be H, that is, fiber to the home (FTTH), or x may be P, that is, fiber to the premises (FTTP), or x may be O, that is fiber to the office (FTTO), or another scenario. With many FTTX networks having been built to provide highlevel reliability services and to reduce the operational cost, the operator has a strong demand for an AODF (Automatic Optical Distribution Frame). Reducing the manual processes can reduce human errors while yielding significant savings in operating expenses. After the occurrence of a natural disaster, it can also help in the quick recovery of the communication network [9] - [15] .
Currently, there are Fiberzone-Networks [16] , [17] , Telescent [18] , Teliswitch Solutions [19] , and Huawei [20] that can provide AODF products, still in small quantities because current robotic approaches have limitations [21] - [23] . In this paper, we use the mathematics of knots [24] - [26] to study the relationship of the fiber patch cord on the distribution frame and describe a non-winding cross-connect method based on the line spatial relationship. Taking the fibers as non-coplanar lines and judging their spatial relationship, we proposed the ''HIGHER ALWAYS ON TOP'' method for fiber-optic switching [27] . At the same time, with the topological approach, we proposed a method of constructing non-coplanar lines in different scenarios, such as a one-dimensional array of input lines and a two-dimensional array of output lines as well as a two-dimensional array of input lines and a two-dimensional array of output lines. Because of the low switching speed of the prototype for a one-dimensional array of input lines and a one-dimensional array of output lines, to reduce the switching time, we put forward a new high-speed solution that imitates the opening of the shuttle in the textile field [28] - [30] and use pliers to simulate the robot's operating process.
II. FIBER INTERCONNECTION SYSTEMS AND NON-COPLANAR LINES
Wire management is labor intensive because it typically involves many manual processes, such as performing moves, adds, and cross-connects. During a manual patching operation, most of the fiber in the cabinet is in a relatively tight state, as shown in Fig. 1 . The fiber-optic cables overlap each other without crossing between them. In the manual operation based on the staff's different habits, the fiber winding is not necessarily completely unlocked if the current state still meets their requirement. When at the next cross-connect operation the fiber winding does not meet the requirement, they will unlock the fiber winding. After multiple cross-connects, the spatial relationship among the fibers will evolve from the orderly (a) into a difficult-to-judge relationship (b), as shown in Fig. 2 . In the mathematical knot theory [24] , there are two kinds of relations between the intersections; for each positive crossing, we assign the number (+1); for each negative crossing, we assign the number (−1), as shown in Fig. 3 . The fiber patch cord in the cabinet can be seen as a series of knots, allowing us to use the knot theory to analyze their spatial relationships. Furthermore, the two types of crossings can be regarded as non-coplanar lines, and they can be judged by their vector direction, that is, +1 or −1, in the selected interval. As shown in Fig. 4 , the upper half of the line L 2 is above the line L 1 that is in the plane V, and the lower half is below it. The line L 2 moves forward along M 2 M 1 ; when the movement makes the point M 2 coincide with the point M 1 , if it continues to move forward, the two lines will be cut because one of them will be cut into two. To avoid this cutting, the upper part of L 2 needs to cross below the line L 1 and then continue to move forward. There are several classes of fiber cross-connect systems. In the following discussion, we compare three forms of systems: those in which strands link (1) a one-dimensional array of input lines and a one-dimensional array of output lines, (2) a one-dimensional array of input lines and a twodimensional array of output lines, and (3) a two-dimensional array of input lines and a two-dimensional array of output lines. VOLUME 6, 2018
A. THE FORM OF 1-D ARRAY TO 1-D ARRAY
To find the crossover relationship of the fiber patch cord, the states of the input lines and the output lines have been changed from parallel to vertical; that is, the left input port was parallel to the Z-axis and now has been rotated to coincide with the X-axis in the coordinate system, while the right side of the output port is still parallel to the Z-axis. It is easy to see from Fig. 5 that all the fiber patch cord connections have been turned into non-coplanar lines, without overlap among them. If the right side is the fixed side and the left side is the adapter port, when performing pulling from port G to port M , the motion space is the triangular region fXh in Fig. 5 . The fiber patch cord connections are layered with each other and do not cross the other optical fibers because each moves in its own layer. In the switching operation, the fiber patch cord g moves from port G to port K; as shown in Fig. 5 , port G moves along the X-axis, first arriving at port H, where the fiber patch cord g and h become coplanar lines, and the intersection point is port H. A straight line has no thickness, while the fiber patch cord has a certain diameter; therefore, when the movement makes two fiber patch cord connections coplanar, we need to judge their spatial relationship; otherwise, it will cause winding. It is easy to see from Fig. 5 that the fiber g is above the fiber h and the motion space of fiber g is the triangular region fXh. When moving, fiber g needs to pass through the top of fiber h. If fiber g goes through below fiber h such that the motion space is not within the triangle region fXh, it will inevitably cross the fiber h. The fiber g is in turn over the fibers i and j and finally arrives at port K. On the other hand, if fiber g moves from port G to port B, it needs to pass through the bottom of fiber f , then pass through fibers e, d, and c to arrive at port B. In short, based on the upper and lower relations of the fiber position on the right side, if the fiber in front of the fiber patch cord is higher, then it will pass through below the fiber, otherwise it will crossover, that is, the ''HIGHER ALWAYS ON TOP'' method for fiber-optic switching.
Being perpendicular to each other is a form of noncoplanar lines in spatial relations. The equations of two lines L 1 and L 2 are as follows:
When the two non-coplanar lines are perpendicular to each other, the normal vector of the product is S 1 S 2 = 0, that is, l 1 l 2 + m 1 m 2 + n 1 n 2 = 0, and the common perpendicular is line M 1 M 2 . As shown in Fig. 6 , n straight lines parallel to L 1 can be found in the plane V where the line L 1 is located, and all the straight lines parallel to L 1 are perpendicular to L 2 . The common perpendicular of non-coplanar lines can be used as a cross-connect channel for the fiber patch cord. As shown in Fig. 6(a) , line M 1 M 2 is the cross-connect channel of line L 1 and line L 2 , and the channel of line L 1 and line L 2 can be obtained by translating line M 1 M 2 . In addition, we can make two non-coplanar lines that are perpendicular to each other coplanar, as we can rotate one of the two lines around a certain point. As shown in Fig. 6(b) , line L 1 is rotated to line L 1 and intersects with line L 2 , while they remain perpendicular.
FiberZone's AFM (Automated Fiber Management) product uses vertical lines as the switching channel [17] . The port panel is arranged in a plane parallel to the lines L 1 and L 2 , and the fiber patch cords are arranged on the two sides of the panel that are parallel to line L 1 and L 2 , respectively. As shown in Fig. 6(a) , one side moves the fiber patch cord along line L 1 , and the other side moves along the line L 2 and then moves to the common perpendicular to complete the switching. Nexans and TeliSwitch's [19] Automatic Optical Distribution Frame (AODF) also uses the perpendicular relationship of non-coplanar lines to achieve a non-winding cross-connect. The adapter port is fixed to the toothed disc, each of which occupies a layer, and the set of discs are stacked together. One side of the fiber patch cord is radially transmitted from the center of the circle and can rotate around the center, as shown in Fig. 6(b) for the line L 1 . The other side of the fiber patch cord is arranged on a cylindrical surface outside the disc, as indicated by line L 2 in Fig. 6(b) . In the switching operation, one side rotates the fiber patch cord around O, and the other side moves the fiber along L 2 , completing the switching when the two lines change from non-coplanar to coplanar.
This type of capacity scalability is limited due to the size of the cabinet and the fact that the form of a 1-D array to 1-D array with line match lines does not allow for unlimited extension. The straight line can be regarded as the circle with radius R = ∞, the line on the left side in Fig. 5 connected to a circle that is the taper model of a 1-D array to 1-D array with line match circle (Fig. 7) . The fiber patch cords are moving in the direction of their respective cone generatrix, and these cones are on the same bottom area but with different heights. In the switching operation, the motion space of the fiber in the taper model of a 1-D array to 1-D array with a line match circle has changed from the aforementioned triangle region fXh into the cone area fXh (Fig. 8) . The switch rules are the same as above, depending on the altitude difference of the cables that are on the centerline of the cone; if the front fiber is higher than its counterpart, then it passes through below the front fiber; otherwise, it crosses over, that is, with the higher fiber always on top.
Because the size of the cabinet is small, it is necessary to make full use of the space and increase the number of ports as much as possible. The taper model can be arranged into an up-and-down symmetrical spindle-shaped single-circle form (Fig. 9) . To increase the capacity of the adapter port according to the spatial relationship of the fibers based on the singlecircle taper model, we can expand the model to a form with two circles inside and outside (Fig. 10 ) or a symmetrical form with two circles up and down (Fig. 11 ) [27] . Telescent offers the Gen3 Network Topology Manager (NTM) [18] , an SDN patch panel incorporating an all-fiber structure, which is a form of 1-D array to 2-D array automatically configured to cross-connect >1,000 × 1,000 nonblocking duplex ports. The fiber patch cords, in accordance with the order from small to large, are arranged from top to bottom. When the switching operation occurs, the large number on the right and the small number on the left, by reconfiguring the position of the adapter ports on the panel, makes the path of the switching straight and without winding. The spatial relationship between this method and the abovementioned non-coplanar lines is consistent.
The port panel has multiple units in parallel because each unit has a row of adapter ports. As shown in Fig. 12 , ABCD is a unit, and each unit can be moved independently with its own adapter ports and fiber patch cords. One side of the fiber patch cord is spatially arranged vertically on a line as the a∼p, parallel to the port panel, and maintains the fibers in straight-line strands with an elastic device. The three-degreesof-freedom robot is above the port panel and moves in the gap between AHIP and BGJO in Fig. 12 . As shown in Fig. 13(a) , the planning path of the fiber h switches from port H to port L. When the switching operation is performed, move HGFE, where the first row of the port H moves to the middle of AB, and then the robot moves down and pulls out the fiber h. Then, the H-E row moves to the original position, and the row I-L and row P-M move to the left ( Fig. 13(b) ). The robot moves down to the bottom of the port panel to insert the fiber h, and then the robot returns to the top. Then, the row I-L and row P-M move right to the original position; thus, the fiber h passes through below the port G. Several such path reconstruction are need to complete the cross-connect process. However, in this 1-D array to 2-D array form, the fiber space relationship in the same column is undefined, as shown in Fig. 14 . Because the four straight lines aI, pA, dP, hH are coplanar lines, and the three lines lD, eE, iL are coplanar as well, we cannot judge which line is on top. The ends of the straight lines are on the right side in the vertical direction, and any two ports of A-P on the left side cannot be in the vertical direction if the relationship between the straight lines is noncoplanar. Therefore, to construct a non-coplanar relationship with each other, it is necessary to follow the form of the left side of Fig. 12 first, when the folding process of port A-P is performed, and then rotate the port panel by an angle θ, ensuring that any two of the leftward ports are not in the vertical direction. From Fig. 14 , the rotation angle θ can be taken as follows:
Therefore, the fibers can be constructed in the form of a 1-D array to 2-D array, which satisfies the non-coplanar relation. When the switching operation is performed, take the polyline of the left as a straight line, transforming the relationship between them into the aforementioned triangular region fXh; then, judge the upper and lower relationship between them and do the operation of pass through below the fiber or crossover. This will ensure that the fibers do not become entangled with the others.
C. THE FORM OF 2-D ARRAY TO 2-D ARRAY
The capacity scalability of the form of a 1-D array to 2-D array is limited as well. We can make the line of the right side of this form into a polyline and can obtain the form of the 2-D array to 2-D array with a larger capacity, as shown in Fig. 15 . When a row of the input fibers and the output fibers are completely cross-connected, it will create a twisted braid; the diameter of the crossover region is equal to the following:
As described in [14] , d 0 is the diameter of the fiber and N is the number of the fibers of a row. To avoid coplanarity of the fibers between the two port panels after folding (Fig. 14) , it is necessary to change the relationship between the fiber patch cords of the two port panels to non-coplanar. As shown in Fig. 16 , Aa and Bb represent two fiber patch cords between parallel port panels, and the coordinates of the four endpoints of the two fibers are as follows: A(x A, y A , 0), B (x B, y B , 0), a (x a, y a , l), and b (x b, y b , l). The equation of the fiber Aa is as follows:
The equation of the fiber Bb is as follows:
If the two lines are non-coplanar, the following equations are required:
In the selected area, the upper equations are without solution. If there is a solution, the line Aa and line Bb intersect.
Because the two panels are parallel, the straight line AB and the straight line ab can be projected into the plane XOY to study its relationship (Fig. 16) . If the straight line Aa and the 
The equation for the line ab is as follows:
If line AB and line ab intersect, the following equations:
have solutions in the plane. If the two lines in the plane intersect and the slope of the two lines are not equal, the equations (10) have a solution as follows:
To construct the non-coplanar relationship, after the folding process, the rotation angle θ of the left side port panel gives the following:
That is, the slope of the line between any two points of the input panel is not equal to the slope of the line between any two points of the output panel. This will ensure that any two fiber patch cords between the two planes are non-coplanar lines. In the left plane of Fig. 17 , 100 points are uniformly arranged in a 10×10 array. Take any two of the points as point A and point B. The slope of the straight line AB is as follows:
whose value can be taken as follows:
{±9, ±8, ±7, ±6, ±5, ±(9/2), ±4, ±(7/2), ±3, ±(8/3), ± (5/2), ±(7/3), ±(9/4), ±2, ±(9/5), ±(7/4), ±(5/3), ± (8/5), ±(3/2), ±(7/5), ±(4/3), ±(9/7), ±(5/4), ± (6/5), ±(7/6), ±(8/7), ±(9/8), ±1, ±(8/9), ±(7/8), ± (6/7), ±(5/6), ±(4/5), ±(7/9), ±(3/4), ±(5/7), ± (2/3), ±(5/8), ±(3/5), ±(4/7), ±(5/9), ±(1/2), ± (4/9), ±(3/7), ±(2/5), ±(3/8), ±(1/3), ±(2/7), ± (1/4), ±(2/9), ±(1/5), ±(1/6), ±(1/7), ±(1/8), ± (1/9), 0, ∞}. The right panel in Fig. 17 is rotated around the Z-axis by an angle θ, and the coordinate rotation transformation matrix is as follows:
Point P in the initial plane X OY coordinate is (x , y ); after rotation, the coordinates in the plane XOY are (x, y); then, we can obtain the following:
To select the appropriate angle θ, refer to the previous 1-D to 2-D form of the method of construction of non-coplanar lines; the straight line formed by any two points after rotation cannot take the same value as the previous slope. First, you cannot have the same X coordinate of two points; second, you cannot have the same Y coordinate of two points; third, the slope is different in other cases.
The left side of the Y axis and the lower side of the X axis in Fig. 16 are projection views of the dot matrix on two planes. After the rotation of the points in the Y direction to create even distribution, the initial first line to be distributed between the points (n, 1) and (n, 2) as shown in Fig. 18 , is as follows:
Additionally, we can obtain the following:
Bring the angle θ into the 10×10 point matrix of Fig. 16 , and the slope value of the line between any two points can be taken as follows: 1.05017, 1.06674, 1.20092, 1.35549, 1.3779, 1 There is no entry with the same value as the value of equation (13) in the previous section.
At the same time, according to formula (3) of the 1-D array to 2-D array form, similarly we take the value of θ as follows:
where θ takes (20) to meet the condition without the same slope and takes (19) and (21) only when n takes certain values to meet the conditions. As shown in [14] , a diameter given in Equation (4) will form in the middle of the fibers; at n=10, take sin θ = 1 11 to the right side of the port panel. With the fiber patch cords on both sides of the panels, based on the ''upper left to right lower, medial to lateral'', as shown in Fig. 19 , in the middle of the fibers, it easy to see that, in the middle, the fibers are all staggered without overlapping.
If the coordinates of the four corners of the left panel in Fig. 19 in the coordinate system of Fig. 17 are (x min , y min , 0), (x max , y min , 0), (x max , y max , 0), and (x min , y max , 0) then the coordinates of the four corners of the right side of the panel are as follows: (x min cosθ − y min sinθ, x min sinθ + y min cosθ, l), (x max cosθ − y min sinθ, x max sinθ + y min cosθ, l), (x max cosθ − y max sinθ, x max sinθ + y max cosθ, l), (x min cosθ − y max sinθ, x min sinθ + y max cosθ, l).
The fibers with the middle cut-off position are located in the area where the four-point coordinates are as follows:
The middle area of Fig. 19 is intercepted at a pitch of 35 mm and a panel pitch of 250 mm, the diameter of the fiber is 1 mm, and the middle area is approximately 16 mm x 16 mm. If the left side of a row switches with a column on the right, the spatial relationship is shown in Fig. 5 . If the left side of a row cross-connects with the right side of a row, the spatial relationship is shown in Fig. 20 ; the fibers are in a separate layer because the right side has been rotated by the angle θ. The abovementioned method of constructing non-coplanar lines is carried out with the two panels parallel to each other, and it can also be carried out when the two panels are perpendicular to each other or at other angles. As opposed to the parallel panel construction, two panels are perpendicular or at a certain angle, and the construction of non-coplanar lines gives the line between any two points of the input panel and the line between any two points of the output panel without any intersections on the intersecting axis. The line AB and line ab have no intersections on the X-axis, as illustrated in Figs. 21 and 22 . When the fibers between the two panels are non-coplanar lines, we also need to be able to judge the upper and lower relations between the two fibers Aa and Bb in Fig. 16 at a switching point. The equations of the fibers Aa and Bb are Equation (5) and Equation (6) . For easy judgment, point B and point a are connected to the line Ba; the equation of line Ba is as follows:
As shown in Fig. 23 , the straight line Aa and the straight line Ba form the plane AaB:
The straight line Bb and straight line Ba form plane aBb:
It can be seen in Fig. 23 that the plane AaB is located above the plane aBb; that is, the fiber Aa is located above the fiber Bb in the illustrated area.
It can be seen from Fig. 23 that the angle between the normal vector of the upper plane and the Y-axis is small, and the angle below it is larger. The normal vector of the plane AaB in Fig. 23 is n 1 :
The normal vector of the plane aBb is n 2 : The angle between n 1 and the Y-axis is as follows:
The angle between n 2 and the Y-axis is as follows:
The panel where the line ab is located has been rotated by the angle θ = arcsin (27) and (28) and we obtain θ 1 = 0.79, θ 2 = 0.88; it easy to see that θ 1 < θ 2 . Similarly, in Fig. 23 , the point c (4.62, 4.44, 10) is above the point b; putting this into the equations (27) and (28), we obtain θ 3 = 0.74, and θ 3 < θ 1 . It can be seen in that area that the plane aBc is above the plane aBb, and the straight line Bc is above the line Bb.
In the switching operation, we judge the fiber's direction of movement in relation to other fibers and then execute the operation of passing through below the fiber or crossing over it. Take 5×5 fiber patch cords for random pairing, as (25, 04, 10, 21, 19, 24, 05, 11, 02, 01, 08, 17, 12, 20, 22, 09, 00, 18, 14, 13, 15, 06, 03, 23, 16) , where 00 represents the vacant port to be connected. The red polyline in Fig. 24 shows the path of the fiber 12 switch from port 13 to port 19. In the operation, fiber 12 needs to crossover the fibers that are inserted in port 10 and port 12. Although the ''HIGHER ALWAYS ON TOP'' method is without winding, it is easy to see from Fig. 24 that the path of movement is long, and the time is long as well.
III. IMITATE THE SHUTTLE PICKING
Woven fabrics are formed by interlacing two mutually perpendicular sets of yarn. Two kinds of simple interlacing patterns are illustrated in Fig. 25 , where six warp and six weft threads are included. The relationship between warp and weft threads in the side view of the fabrics is similar to the switching path seen in Fig. 26 .
The schematic diagram of a loom is illustrated in Fig. 27 , where the principal parts for the basic motions are shown. The warp yarn from the weaver's beam passes around the back rest and goes through the drop wires of the warp stop-motion to the healds, which are intended for separating the warp threads for shed formation. The yarn then passes through the reed that holds the threads at uniform spacing and is designed for beating-up the weft thread, which is inserted into the triangular warp shed by the shuttle. The shed is formed by two warp sheets (layers) and the reed. The separated warp threads and the weft thread that is inserted into the shed are also non-coplanar lines. To interlace warp and weft threads, the loom must carry out the following three important operations. (1) Shedding, separating the warp threads into two layers, one of which is lifted and the other lowered to form the space for the weft insertion, which is called a shed. (2) Picking, inserting the weft thread through the shed, sometimes by a shuttle. (3) Beating-up, pushing the newly inserted weft, known as a pick, into the already woven fabric to the point called the fabric fell. The shuttle on the loom puts the shuttle with the weft from one side of the shed to the opposite side of the shuttle box, that is, the completion of a weft insertion. The process of switching is similar to Picking, removing the fiber patch cord from the current port and moving it along the specific path (like the shed) to the target port.
In the switching operation of the form of a 1-D array to 1-D array with line match line, when the fiber patch cord gG moves from port G to port K in Fig. 5 , the triangular region fXh is exactly the same as a shed, and the space between fibers f and h is sufficient for the robot to perform the ''Picking'' operation. The robot extends between fiber f and fiber h and then moves along the line gG to G, pulls out the fiber patch cord gG and then moves along the line Gg to g; then, it moves along the line gK to port K to insert the fiber gG and complete the operation. The 1-D array to 1-D array with line match circle (Fig. 7) is similar to this, except that the shed becomes curved, and the movement of the robot is closer to the tubular fabrics Picking because the higher fiber is always on top.
In the switching operation of the form of a 1-D array to 2-D array, the operation space is not as clear as in the 1-D array to 1-D array, but the shed at this time can be found by referring to the weft insertion path of the 1-D array to 1-D array. In Fig. 12 , if fiber gG switches from port G to port M, it is easy to see that the shed is the straight line Gg and the line gM. As shown in Fig. 12 , if the robot is located near the coordinate origin, the path is line Gg-gM; if the robot is near the opposite side, the path is line Mg-gG. The robot moves from line y = y G or line y = y M and moves along the mentioned path, removing the fiber patch cord from the initial port and moving it to the target port. Table 1 is a random fiber patch cord pre-configured state; the complete switching process requires two manipulators and the commutation device to achieve the work. The yellow line in Fig. 27 is the switching route of the random sequence in Table 1 ; the fiber patch cord 27 switches from the port 3 to the port 31. Fig. 26 illustrates that the robot pulls the fiber patch cord 27 from the port 3, and the fibers in the front ports 4, 5, 6 are the VOLUME 6, 2018 fiber patch cords 39, 33, 35, which are located below fiber 27. The robot clutching fiber 27 crosses over the top of these three ports and arrives at port 7. Port 7 is inserted in the fiber patch cord 04, while the position of fiber 04 is located above fiber 27; the robot clutching fiber 27 passes through below fiber 04, following this rule, and finally moves to port 31. Based on the path of the illustrated line, fiber 27 is inserted into port 31 to complete the operation.
IV. THE AODF PROTOTYPE AND TEST
By analysis of the motion characteristics of the model, the symmetrical form with two circles up and down was selected for the prototype design (Fig. 28) . This solution doubles the number of adapter ports and does not double the physical space. The adapter ports are distributed over the circumference, and the number of ports is proportional to the diameter of the circle; for this purpose, we use the smallest LC connectors. The two robot hands are arranged symmetrically up and down to operate the upper and lower fiber patch cord, respectively. Due to the asymmetric structure of the LC connector, a commutation device is provided for the robot handover, capable of rotating the LC connector in the middle of the upper and lower robots. The feasibility of the cross-connect algorithm and the correctness of the design scheme are verified by using the prototype. The prototype uses an eccentric arrangement of the bobbin to solve changes to the circumference of the fiber patch cord length. The prototype is now in testing in Huawei's laboratory (Fig. 29) .
The photos below (Fig. 30) show a complete switching process of the prototype of the cone model with two circles up and down. The upper robot pulls out the fiber patch cord, passes it to the commutation device in the middle, then passes through below several large numbers of fibers in front. The upper robot obtains the fiber from the commutation device, crosses over the fibers in the front, and then transfers it to the commutation device again. After moving to the target port, the commutation device rotates the fiber patch cord, then the lower robot takes the fiber from the commutation device and inserts the fiber into the target port to finish the switching process.
The switching process of the prototype requires multiple handovers. The random fiber patch cord pre-configured state shown in Fig. 26 requires 14 handovers; the number of handover operations will inevitably affect the operation speed. The photos (Fig. 31) indicates the initial position of the target fiber patch cord, and the red line indicates the target position of the fiber. The polyline formed by the red and blue lines is the trajectory (or the shed) for switching. The robot enters along the nearest port, moves along the shed, is transported to port 13 and removes fiber 12, moves in reverse along the previous path to port 19 , inserts fiber 12, and the robot exits to complete the operation. Telescent's solution can also be seen as Picking, using this method of operation when the fiber patch cord and the target port are determined. Then, the movement path of the robot is also determined. At the same time, the path optimization can be carried out based on the non-coplanar line relationship in the interval.
V. CONCLUSION
In this paper, we study the fiber patch cords as non-coplanar lines, based on the mathematics of knots, and propose the ''HIGHER ALWAYS ON TOP'' method, which completely solves the fiber winding problem on the main distribution frame. Constructing non-coplanar lines is a method that can be used in many scenarios, such as the 1-D array to 1-D array, 1-D array to 2-D array, 2-D array to 2-D array and other forms. The constructing non-coplanar lines method can also be used in all-optical switching fabrics based on Micro-Electro-Mechanical Systems (MEMS) or BeamSteering Technology.
Because the cross-connect of the prototype has multiple handovers, we propose a new method: imitating the shuttle in the loom. The method based on imitating the picking of the loom can achieve rapid switching operations in a variety of modes. Further research is needed to optimize this crossconnect method. 
